Starting from the renewable biomass material palm kernel shell (PKS), nitrogen, sulfur and phosphorus codoped high specific surface area porous activated carbon materials were prepared through carbonization and KOH chemical activation and applied to the supercapacitor electrode materials. PKS is a low-cost carbon source byproduct of biomass, which is rich in cellulose, lignin, and moisture, and its other components also provide nitrogen, sulfur, phosphorus and other heteroatoms for the final product. After further activation with different ratios of alkali and carbon, porous activated carbon (PAC) with different pore sizes could be obtained. The presence of heteroatoms not only provides redox pseudocapacitance, but doping heteroatoms is also beneficial to suppress irreversible changes of the oxygen-containing functional groups on the carbon material surface during the charging and discharging process. In 3 mol L À1 KOH electrolyte solution, PAC showed an excellent electrochemical performance with good cycling stability, and its maximum specific capacity could reach 380 F g Àl .
Introduction
Traditionally, activated carbon (AC) is a commercially functional material that is available from petroleum coke, bitumen and coal. [1] [2] [3] At present, AC has attracted a lot of industrial applications, including electrochemical supercapacitors (SCs), lithium-ion batteries, hydrogen storage, catalysts, adsorbents, and medical components. [4] [5] [6] [7] [8] [9] [10] Its production process is simple, and hence it is widely used in various elds. For electric double layer capacitor (EDLC) applications, AC exhibits a great demand for due to the advantages of high conductivity, chemical stability and low cost. The AC electrodes, through the accumulation of electrostatic charges at the electrode-electrolyte interface, store the charges and do not involve any chemical charge during the charging and discharging process, which is the basis of EDLC. [11] [12] [13] [14] [15] [16] Moreover, the specic capacitance of the AC-based SCs can be enhanced by the incorporation of heteroatoms (e.g., nitrogen, oxygen, sulfur, phosphorus, etc.) into the carbon framework, which is also directly proportional to the specic surface area of the PAC.
17-21
Because raw materials from coal, asphalt and coke that are used for the preparation of AC are not renewable and are expensive, research is now focused on nding low-cost, resource-rich and renewable natural biomass carbon sources (including hemp, 22 fungus mushroom, 23 pine cone, 24 litchi shells, 25 pumpkin, 26 coconut shells 27 and bamboo
28
) to produce AC, which is a very promising candidate as the SCs electrode. Palm Kernel Shell (PKS) as a dry solid waste, is produced aer the extraction of palm oil. [29] [30] [31] [32] [33] [34] [35] [36] Because of the abundance of PKS, the recovery of value-added products is highly desirable. Therefore, the research and application of PKS' basic performance have been paid great attention to since it proves to be a promising material for the production of AC. [33] [34] [35] [36] The biggest challenge in PKS processing is the carbon activation process, which is a key factor that will have a direct impact on the performance of AC. For developing vast pore networks in carbon materials, various biomass-derived ACs are typically developed using physical activation 37, 38 (e.g. O 2 , CO 2 or steam) or chemical activation [39] [40] [41] techniques (e.g. KOH, H 3 PO 4 , ZnCl 2 , etc.) for EDLC applications. Among them, potassium hydroxide (KOH), because of its better activation effect, has become a widely used activator since it can promote the activated carbon to create a larger specic surface area and stronger adsorption performance.
42-44
Recent studies have shown that the surface chemical properties of activated carbon materials are the primary factors that affect the specic capacitance of supercapacitors. A large number of biomass materials are being studied for supercapacitors, particularly aer conducting carbonization and activation processes. The main advantages based on the PKS research method are that: (1) the nature of the discarded biomass material of PKS.
29-32 PKS, as biomass precursors with a carbon content of more than 60% by weight, can be easily dispersed in the KOH aqueous solution and its sizes can reach nanoscale. Unique natural composites are generally complexes of organic chain macromolecules, including various ionic groups such as carboxylic acids, phenols and alcohols. If used in the preparation of porous carbon materials, cheap and environment friendly carbon precursors have a rich production effect, which can further optimize the pore structure and improve its capacitance performance. (2) A variety of functional groups and heteroatoms for doping (including N, S, O and P) could be formed. [17] [18] [19] [20] [21] By a series of effective methods of carbonization and activation, PKS can not only form a carbon structure and provide more active sites to promote the formation of porous structures, but also improve the capacitance performance of porous carbon electrode material. Thus, PKS has a crucial effect on the preparation of porous activated carbon materials and their application in supercapacitors for improved capacitance.
However, the nature of carbon from the biomass will vary signicantly, and hence it is a challenge to optimize the raw materials required for the process. Obviously, the pore microstructure and element composition of AC depends on the carbon source used or the activation parameters including the ratio of alkali to carbon and activation temperature. Here, by two steps of carbonization and subsequent KOH activation, it was mainly studied on the properties of activated carbon prepared by PKS and the performance effects applied to EDLC. The specic capacitance of 380 F g À1 could be achieved via the EDLC electrode based on PAC. Furthermore, electrochemical studies have shown that AC electrodes have satisfactory chargedischarge cycling stability to realize ultra-high power/energy density for EDLC, which is much higher than that achieved by various other biomass-derived AC electrodes. The specic capacitance (C s ) of the electrode materials prepared from similar activation methods of the various biomass precursors reported in the literature is summarized in Table 1 for comparison with our results. Based on the results obtained, it could be inferred that the excellent performance of biomassderived porous activated carbon would make it the most attractive tool for high performance supercapacitors and low cost energy storage devices.
Experimental

Synthesis of the PKS-derived activated carbon
The waste PKSs were purchased from an online marketplace. First, to remove soil, dirt and surface impurities, we washed the PKSs thoroughly with clean water and repeatedly with distilled water, and then crushed them into pieces, followed by drying at 100 C in an oven. For pre-carbonization, the dried PKSs were pyrolyzed at 500 C in a vacuum tube furnace for 2 h under nitrogen atmosphere to remove the small amount of organic molecules. Subsequently, for improving the specic surface area by chemical activation, the pre-carbonated PKSs were dipped in KOH aqueous solution as the chemical activating agent with a weight ratio of 1 : 4 and then stirred thoroughly for 6 h to ensure complete inltration. Thereaer, the mixture was annealed at 900 C for 1 h under N 2 atmosphere. Finally, hydrochloric acid (HCl, 1 M) was used to wash the annealed sample repeatedly, followed by rinsing with excess of distilled water to obtaining a neutral pH. The nal sample was obtained by drying at 80 C in air and labeled as porous activated carbon (PAC). Fig. 1 shows the transformation of PKSs into porous activated carbons. In contrast, the product prepared without the addition of KOH using the same procedure was labeled as nonporous activated carbon (NAC).
Material characterizations
The crystal structure was measured by a Bruker D8 Advanced X-ray diffractometer (Germany, CuKa radiation: l ¼ 1.5416Å) to analyze X-ray diffraction (XRD) patterns. The functional groups investigation and the chemical analysis of the samples were carried out using a Spectrum One (Perkin Elmer, USA) FTIR spectrometer and an Omicron NanoTechnology (ESCAL.ab250) X-ray photoelectron spectrometer, respectively. The morphologies of the prepared porous structure were characterized via eld emission scanning electron microscopy (FESEM, ZeissSupra 55) and high resolution transmission electron microscopy (HRTEM, Tecnai G2 F30 S-TWIN) with energy dispersive X-ray spectroscopy (EDS) mapping, while the N 2 adsorptiondesorption isotherm and Brunauer-Emmett-Teller (BET) specic surface area of the samples were obtained at 77 K using an ASAP 2020 (Micromeritics, USA) apparatus. Thermal properties were determined using the PerkinElmer Pyris 1 thermogravimetric analyzer (TGA, USA), where the sample was heated to 500 C at a heating rate of 5 C min À1 under N 2 ow.
The Raman analysis of the samples was recorded using a DXRxi Raman spectrometer (Thermosher, USA) with the laser power set at 1.5 mW to minimize the heating effect.
Fabrication of working electrodes
In the electrochemical performance characterization, the working electrodes were fabricated for the mixture with a mass ratio of 8 : 1 : 1 of the dried AC, conductive carbon (Super P) and polytetrauoroethylene (PTFE) binder in N-methylpyrrolidinone (NMP) solvent dispersant, followed by thorough stirring for 0.5 h using the agate mortar till a paste was obtained. This paste was uniformly coated onto a pre-cleaned nickel foam substrate with a square size of 1 cm Â 1 cm. Then, the electrode coated with abovementioned fabricated paste was annealed at 80 C for 12 h in an oven. Until the annealed electrode was cooled to room temperature, we used a hydraulic equipment at 10 MPa to press the nal electrode to allow sufficient contact of the foam nickel with the active materials. The mass of the active substance was obtained according to the ratio for calculating the electrochemical properties of the materials.
Electrochemical measurements
To examine the electrochemical properties of the prepared electrodes, we conducted cyclic voltammetry (CV), galvanostatic charge-discharge cycling (CDC) and electrochemical impedance spectroscopy (EIS) analysis, which were carried out using a conventional three-electrode conguration on a CHI 760D electrochemical workstation (Shanghai Chenhua, China) under the premises in a potential range of À1.0-0.0 V. Herein, the performance of the prepared electrodes was measured by placing them in 3 M KOH electrolyte. The electrochemical workstation was equipped with a counter electrode (platinum), a reference electrode (Hg/HgO) and a working electrode just above the prepared AC electrode. Cyclic voltammetry and galvanostatic CDC were obtained at different scan rates of 5-100 mV s À1 and various current densities in the range 1-20 A g À1 , respectively. EIS plots reveal the response of the EDLC electrode observed in the frequency range from 0.1 Hz to 10 5 Hz.
Results and discussion and NAC samples, corresponding to the (002) and (100) diffraction patterns of amorphous carbon structure, respectively. The intensity of the graphitic carbon structure at 2q ¼ 24 is reduced and further broadened upon carbonation and activation. A wider peak indicates that the carbon structure is amorphous due to the increase in distance between activated carbon and carbon atoms and the destruction of the graphite structure during carbonation and activation. A wide diffraction peak at 2q ¼ 44 indicates that PAC sample has a certain degree of graphitization, which facilitates the conductivity of AC. 45 The higher diffraction intensity of the activated PKS at a lower 2q value clearly indicates that AC has a porous structure.
Generally, we adopt the FTIR spectra to qualitatively analyze the surface functional groups of AC, and both infrared spectra patterns of AC samples before and aer activation are observed to be nearly similar (Fig. S1 †) clearly observed that the C-O-C stretching mode is located at 1070 cm À1 . Compared with NAC, the absorption peak of PAC shied to a higher wavenumber due to KOH activation. From the FTIR analysis, it is observed that PAC and NAC exhibit an amorphous carbon structure with large amounts of oxygencontaining functional groups, the presence of which could provide additional pseudocapacitance and good conductivity. The numerous carboxyl and hydroxyl groups on AC surfaces also indicate the excellent capacitance properties of the material. The PKS comprises organic macromolecules such as cellulose, hemicelluloses and lignin, which can absorb a large amount of elements from the soil during the growth process, including C, H, O, N, S, P, K, Na, and Mg. Most likely, these elements, in the form of inorganic matter, as the most important source of ash, still remain in the PKS carbonized material because of the pyrolysis in nitrogen environments. Presence of these elements is also observed during carbonization in nitrogen atmosphere. Therefore, it is highly probable that a large amount of N, S, P elements are introduced into the nal carbon material during KOH activation.
The surface element composition of heteroatoms for PAC and NAC including carbon, nitrogen, oxygen, sulfur and phosphorus, which are clearly detected at 285 eV, 405 eV, 532 eV, 164 eV and 133 eV respectively, was analyzed using XPS (Fig. S2 †) . The amounts of different elements on the surface of the materials as calculated by XPS analysis are listed in Table 2 , which show the content of N, S, P to be similar in NAC and PAC samples (the content of N, S, P for PAC only slightly higher than NAC). Furthermore, the central spectra of resolved peaks at N 1s, S 2p and P 2p for PAC are shown in Fig. 3 . It is distinct that contents of nitrogen, sulfur and phosphorus elements of the prepared carbon material are low. In case of PAC, N doping accounts for 1.71% (atomic percentage), S doping accounts for 0.76% and P doping accounts for 0.57%. As presented in Fig. 3a , three peaks of the XPS spectrum for N 1s could be detected as pyridinic N1 (398.48 eV), pyrrolic N2 (400.48 eV) and pyridine-Noxide N3 (403.08 eV). These N species produced may not only promote the formation of various nitrogen-containing functional groups on the porous carbon surface, but also can contribute to the efficient utilization of synergistic effect of heteroatoms and the rapid absorption for dissolved substances, thus enhancing cycling stability.
46 Furthermore from Fig. 3b , the S 2p can be decomposed into two adjacent peaks between 168 eV and 170 eV, corresponding to some possible forms of the oxidation states arising from the strong interaction of sulfur and oxygen, which may be due to the sulfur element on the carbon surface adjacent to the oxygen molecules caused by oxidation. 47 Finally, as observed in Fig. 3c , two peaks located at 134.48 eV and 133.48 eV are separated from P 2p. This occurs due to the possible phosphorus-oxygen functional groups, namely phosphates or C-PO 3 phosphorus groups, which can moderately restrict irreversible reaction during discharge/ charge process. Therefore, it can be inferred that the persistence of phosphorus in AC may contribute to the improvement of its electrochemical performances. Hence, a typical N, S, P codoped activated carbon material is conducive to the formation of AC surface functionalities for EDLC effect in the charge storage mechanism.
In the case of pyrolysis, the decomposition of lignocellulose in PKS and the volatilization of some organic matter are carried out to obtain AC with a porous structure. Fig. S3c † is a SEM image of the PKS carbonized material obtained aer carbonization at 500 C. Fig. S3a and S3b † shows a SEM image of the NAC and PAC prepared from PKS carbonized material. A developed and irregular porous structure appeared in the PAC aer KOH activation. Aer increasing the magnication, we could clearly see the surface of the AC inside the large holes with a large number of mesopores and micropores, as displayed in Fig. S3d ; † hence in is conrmed that the material for the porous structure shows irregular block structures. It is taken for granted that the activation agent (KOH) scattered into the layered porous structure could sufficiently facilitate activation. NAC was found to exhibit only a few pores. As for the KOH activation, the carbon framework containing various potassium compounds is partially etched by the carbon activation reaction between KOH and the feedstock. Consequently, the carbon lattice expands and the formed metal (K) can be effectively embedded in the carbon lattice of the carbon matrix, while the production of H 2 O and CO 2 also contributes to the formation of a well-formed pore network in the resulting product during the activating process. Moreover, aer washing to remove the resulting potassium salts and excess KOH, the pores that were present at the etched location could not be restored to their previous construction, thus resulting in a large number of PAC with high porosity.
As is depicted in Fig. 4 , high-resolution TEM images of AC surface conditions exhibited almost similar morphologies, including the homologous ve elemental mapping images of carbon, oxygen, nitrogen, sulfur and phosphorus for PAC. It is clear from the gure that there are numerous micropores and mesopores in AC, and the transparent and blank spots in the gure represent the pores of AC with pore size ranging from several nanometers to dozens of nanometers. As a result, the PAC material exhibits a larger specic surface area and a higher porosity. In addition, the sample is essentially made up of amorphous components with partially curved graphitized layers. In contrast, the NAC sample merely exerts the porous framework structure with only a few blank spots. Moreover, EDX spectra and the inset gures in Fig. S4 † show detailed EDX elemental analysis of the PAC samples. It is clear from Fig. S4 † that the contents of N, S, P measured by EDX mapping in the PAC aer KOH activation are not signicantly different from those for PAC summarized in Table 2 using XPS method, but slightly higher than the contents of N, S, P in the NAC observed using XPS method. Therefore, the higher N, S, P contents aer the KOH treatment are conducive to the improvement of the supercapacitor performance.
The carbonized material without activation has a small amount of large pores and has a loose surface. This macroporous structure facilitates the rapid entry of the activator (KOH) into the activated pores, thus leading to the formation of ultra-high specic surface area. Moreover, large porous structure with large pore volume of the carbonized material enables the activator to etch with the carbon atoms faster for poreformation and shorten the time of the activation reaction. This also indicates that the activation time has a minor effect on activated carbon. The formation of tunnels and pores during activation can facilitate ion adsorption and transportation in the charge storage mechanism, which makes the ion diffusion in the supercapacitor electrolyte much easier. Therefore, the porous surface (Fig. 4) indicates that PAC activated by KOH may achieve an ultra-high specic surface area and a large pore volume. This leads to a high specic capacitance, which is consistent with the nitrogen adsorption and desorption curve of the material.
Both curves of the nitrogen adsorption-desorption and pore size distributions for PAC and NAC measured at 77 K are shown in Fig. 5 . It shows that the microporous structure of the N 2 absorption increased greatly at P/P 0 < 0.4. When P/P 0 > 0.4, there is an evident hysteresis loop growing slowly for PAC. The emergence of this phenomenon indicates that PAC is composed of a large number of micropores and mesopores, in line with the combination of type I and IV isotherms.
48 PAC consists of micropores (less than 2 nm), mesopores (2 nm to 50 nm) and macropores (greater than 50 nm), with the mesopores dominant in the sample. The specic surface area and pore volume of PAC are primarily as high as 2760 m 2 g À1 and 1.6 cm 3 g À1 , respectively. At the same time, the pore size distribution is centered at 2.3 nm. On the contrary, NAC has a specic surface area of 1124 m 2 g À1 and a pore volume 0.5 cm 3 g À1 ; its pore size distribution is centered at 1.9 nm. The high specic surface area indicates that PAC has higher specic capacitance. Considering the comparative data above, it is easier to conclude that PKS precursors with KOH activation at high temperature could be obtained rapidly and produced ultra-high specic surface area and appropriate mesopore size, which is benecial for efficient charge storage. The pore-rich surface and narrower pore size distribution of AC provide high ion accessibility through wider transport channels to micropores. Therefore, we expect that PAC would be a promising electroactive material for advanced SCs.
To further investigate characteristics of PAC, Raman analysis and thermal properties, which were adopted to quantify the amount of AC that occurred during the heating of PKS, were performed, and the results obtained are shown in Fig. S5 and S6, † respectively. Clearly, as depicted in the Fig. S5 , † the two prominent peaks shown in the Raman spectrum are located at 1342 cm À1 and 1587 cm À1 , individually corresponding to D (defects and disorder)-band and G (graphitic)-band, which is attributed to the C-C graphitic lattice vibration mode. Because of the incorporation of heteroatom N, S and P in the PAC framework, some amount of disorder is caused that partially makes the G-band stronger. I D /I G , known as the ratio of intensities of "D-band" to "G-band", is calculated to be about 0.88 and 0.95 for PAC and NAC, respectively, which could explain the higher graphitization degree with large amount of structurally ordered graphite crystallites for PAC. Furthermore, on observing the TG and DTG curves, three distinct decomposition periods of PAC, which occurred within the broad range of 200-900 C, show different thermal degradation behaviors. It is essential for the degradation trend of PAC to compare with the one of lignocellulosic biomass; the weight loss primarily at 300-700 C was probably due to the degradation of hemicelluloses (200-260 C), cellulose (240-350 C) and lignin (above 380 C). In view of the TGA analysis data, 500 C is optimized as the minimum pyrolysis temperature of PKS. Considering that the activation temperature plays an important role in regulating the electrochemical and textural properties of PKS derived activated carbons, a series of experiments were carried out to select the optimum activation temperature reaction conditions. In this study, the electrochemical and textural properties of synthetic porous activated carbons were quantitatively estimated by measuring their specic capacitance (C s ), BET SSA and pore volume. The gures of BET and C s at different temperatures are listed in Table S1 . † It could be clearly observed from the images that the excellent capacitive properties of PKS at 900 C could be attributed to their relatively high BET SSA, optimum pore volume and the surface properties mentioned above.
To evaluate the electrochemical capacitance behavior of the PAC and NAC supercapacitor electrodes prepared above, the CV analysis was performed to probe in 3 M KOH solution, and the voltage window was À1.0 to 0.0 V. Both CV curves for PAC and NAC at a scan rate from 10 to 150 mV s À1 are depicted in Fig. 6a and b, respectively. Fig. 6c shows the comparison of CV curve for PAC and NAC at a scanning rate of 10 mV s À1 , indicating that PAC activated with KOH has a good capacitance performance.
As the activated carbon is composed of micropores, mesopores and macropores in the channel structure, the electrolyte ions penetrating into the pores of different sizes need to overcome different resistance. Due to the resistance, electrolyte ions have slower diffusion rate in the micropores compared to the macropores, so the response current may produce a certain relaxation time. Therefore, EDLC cyclic voltammetry curves show a quasi-rectangular shape, which indicates that the material with porous structure is stable. At the same time, it is further observed that the response current and the quasi-rectangular area of the CV curve for the PAC electrode, as compared with NAC, are much larger. In addition, in the range of the scan voltage, there is a slight polarization at the positive and negative potentials, which represent the complex reversible redox reactions occuring on the AC surface. The presence of polarization phenomenon is also attributed to the multiple functional groups on the AC surface. Galvanostatic CDC cycling method is commonly used for studying the capacitance performance of electrode materials. Fig. 6d and e show galvanostatic CDC curves for PAC and NAC placed in 3 M KOH electrolyte at various current densities of 1.0-10.0 A g À1 , respectively. Fig. 6f shows the comparison of the CDC behavior of PAC and NAC electrodes at 1 A g À1 current density, concluding that the charging and discharging time of PAC is signicantly longer than that of NAC. The galvanostatic CDC curves of AC show a good linearity and a relatively symmetrical triangular shape, indicating that AC has a good EDLC behavior with excellent reversibility. According to the following formula, we could calculate the specic capacitance of AC: where C, I, m, U represent the specic capacitance of the material, the measured current density, the mass of the active material and the charge and discharge voltage range, respectively. As shown in Fig. 7a , the maximum specic capacitance of PAC at the current density of 1.0 A g À1 is about 380 F g À1 , while
the non-activated NAC has a maximum specic capacitance 102 F g À1 , both of which are derived from the discharging curves, indicating that the specic capacitance of the activated PAC electrode compared with NAC is much higher. When the current density is increased 20 times (20 A g À1 ), the ions do not have enough time to diffuse into all the pore structures of the electrode material, resulting in a decrease in the capacitance with the increase in the current density. The capacitance is still retained at 52%, which demonstrates that PAC has a rapid charge and discharge capability and excellent discharge rate performance due to the high specic surface area, large pore volume and nanoporous structure. The micropores favorably exhibit a dense double layer capacitance, and the mesoporous and macroporous structures can facilitate the rapid diffusion and transfer of electrolyte ions in the pores, while for NAC with smaller pores it is difficult to exhibit a dense double layer capacitance. Furthermore, the surface oxygen-containing functional groups of the active components are likely to exist as part of the pseudocapacitor.
Studies have shown that PKS as a byproduct of biomass, not only is a low-cost carbon source, but also its rich cellulose, lignin, moisture and other major components provide nitrogen, sulfur, phosphorus and other heteroatoms for the nal product. Due to the synergistic effect of the presence of various heteroatoms such as C, N, O, S, and P, the carbon material prepared exhibits larger pseudocapacitance. Moreover, heteroatom doping is benecial to suppress an irreversible change of the oxygen-containing functional groups on AC surface during the charging and discharging process. It also shows that the reasonable porosity generated by KOH activation of AC is benecial for the formation of dense double electric layer capacitance and rapid transmission in KOH electrolyte, which can signicantly improve the capacitance behavior.
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Another important indicator for enhanced performance of supercapacitors is electrochemical stability. To check the actual expandability of these electrodes, a porous activated carbon was used, and a current density of 1 A g À1 was applied with a 3 M KOH electrolyte to perform 1000 cycles of the electrochemical stability; the result obtained is shown in Fig. 7b . The capacitance drops slowly in the rst 500 cycles due to the reduction of the extra pseudocapacitance, which is caused by the gradual disappearance of the surface oxygen-containing functional groups of the porous activated carbon aer the chemical activation. For 10 000 cycles, the capacitance remained stable and the nal specic capacitance retention rate was about 96%, which indicates that PAC has excellent cycle stability as an ideal EDLC electrode material. The study of the ion transport mechanism and further demonstration of the performance for PAC and NAC electrodes were testied using electrochemical impedance spectroscopy. The EIS analysis carried out in the frequency range from 10 mHz to 10 5 Hz shows the Nyquist plot with a small semicircle and a nearly straight line at the high/low frequency region, respectively (Fig. 8) , intuitively indicating porous carbon electrodes with a distinct capacitive property. From data analysis of the high frequency region, a small semicircle is generated relevant to charge transport phenomena (R CT ) during the testing process at the electrode-electrolyte interface. Herein, the electrolyte ions could rapidly diffuse to the outer surface of the activated carbon electrode and the inner surface of the macropores or mesopores, thus concluding that there is an existence of Faraday impedance of charge transfer. Moreover, the ohmic resistance (R S ) was estimated from which it could be deemed that the internal resistance of the carbon material is very small (less than 0.5 U), indicating that the carbon material is well conductive. 50 It also manifested that the kinetics process of the electrochemical system is rapid and the ion transport plays a leading role. Viewing from the low frequency region where the inclined portion of the impedance rises sharply (slope close to 90
). The straight line shows that AC materials exhibit pure double electric layer capacitance behavior and the characteristics of rapid electrolyte ion transfer. The fundamental reason for this capacitive behavior is that the palm kernel shell-based porous activated carbon has a porous structure with low resistance, and thus is suitable for ion diffusion.
Conclusions
In conclusion, N, S and P co-doped PAC was successfully prepared via pyrolysis and successive KOH activation using palm kernel shell as raw material. The specic surface area of activated PAC is about 2760 m 2 g À1 , which could be favorable to improve its EDLC applications. Along with the synergistic effect of N, P, S and other types of elements doping, the prepared carbon material exhibited excellent electrochemical capacitance characteristics. Furthermore, the presence of carbonyl and hydroxyl functional groups on PAC surface also provided the extra pseudocapacitance. In the 3 M KOH electrolyte, the specic capacitance is as high as 380 F g À1 at a current density of 1 A g À1 . Subsequently, PAC shows excellent cycle performance. Aer 10 000 charge and discharge cycles, the specic capacitance is still maintained at 96%. In this study, a variety of heteroatom-doped carbon materials was successfully prepared using biomass. The carbon material prepared showed a high specic surface area and exhibited excellent electrochemical properties. Therefore, the palm kernel shell is an excellent raw material for production of activated carbon.
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